Knowledge of an animal's home range is a crucial component in making informed management decisions. However, many home range studies are limited by study area size, and therefore may underestimate the size of the home range. In many cases, individuals have been shown to travel outside of the study area and utilize a larger area than estimated by the study design. In this study, data collected by multiple research groups studying bottlenose dolphins on the east coast of Florida were combined to determine how home range estimates increased with increasing study area size. Home range analyses utilized photo-identification data collected from 6 study areas throughout the St Johns River (SJR; Jacksonville, FL, USA) and adjacent waterways, extending a total of 253 km to the southern end of Mosquito Lagoon in the Indian River Lagoon Estuarine System. Univariate kernel density estimates (KDEs) were computed for individuals with 10 or more sightings (n ¼ 20). Kernels were calculated for the primary study area (SJR) first, then additional kernels were calculated by combining the SJR and the next adjacent waterway; this continued in an additive fashion until all study areas were included. The 95% and 50% KDEs calculated for the SJR alone ranged from 21 to 35 km and 4 to 19 km, respectively. The 95% and 50% KDEs calculated for all combined study areas ranged from 116 to 217 km and 9 to 70 km, respectively. This study illustrates the degree to which home range may be underestimated by the use of limited study areas and demonstrates the benefits of conducting collaborative science.
). Ranging and habitat-use patterns are further influenced by factors such as predation risk (Heithaus and Dill 2002) , anthropogenic activity (Bejder et al. 2006; Pirotta et al. 2013; Bas et al. 2014) , physiological limitations (Williams et al. 1992) , reproductive status (Henry et al. 2005; Gibson et al. 2013) , and the behavior of both con-and hetero-specifics (Wilson et al. 1997; Parra 2006) . For example, in terrestrial mammals, it has been shown that home ranges are generally larger for carnivores than for herbivores (Harestad and Bunnell 1979) . In addition, home range sizes have been linked to the body size of an animal (McNab 1963; Garland 1983; Lindstedt et al. 1986 ). As bottlenose dolphins are one of the top marine predators and capable of swimming very efficiently, they are expected to have large home ranges (Ingram and Rogan 2002) . Male bottlenose dolphins can weigh up to 500 kg and females up to 260 kg (Folkens et al. 2008) . Terrestrial, carnivorous mammals of this size have a predicted home range of 396.03 km 2 for males and 214.18 km 2 for females (Lindstedt et al. 1986 ). Male bottlenose dolphins presumably have larger home ranges than females, which are thought to allow increased reproductive access to females (Eisenberg 1966; Wells et al. 1987; Wells 1991; Sprogis et al. 2015) . Although locomotion constraints are typically limiting for terrestrial mammals, in an aquatic environment these restrictions are reduced; therefore, bottlenose dolphin home ranges, especially within relatively shallow habitats, can be larger for the same level of energetic costs (Williams et al. 1992; Connor et al. 2000) . Home range studies are typically conducted to provide data on the extent and area of habitat use in order to make spatial planning and management decisions, and potentially lead to the evaluation of anthropogenic impacts on populations (Merriman et al. 2009 ). However, one substantial limitation of such studies is that the area estimated to be the home range is often limited by the size of the study area (Zolman 2002; Merriman et al. 2009; Urian et al. 2009; Balmer et al. 2014 ). Many studies have used only the limited data from their study area to quantify home ranges, even though they have documented individuals traveling far beyond the boundaries of the study area (Gruber 1981; Hanby 2005; Fury and Harrison 2008) . For example, Ingram and Rogan (2002) concluded from their study of bottlenose dolphins in the Shannon Estuary in Ireland that the study estuary did not encompass the entire geographical range of the population because the ranges of individuals did not reach an asymptote when all of their sightings were included. Similarly, it appears that a chosen study area in the Marlborough Sounds, New Zealand is only one important section of a larger home range as dolphins have been estimated to travel more than 80 km outside of the study area (Merriman et al. 2009 ). Thus, it is unlikely that the boundaries of a selected study area will encompass the entire home range of an individual dolphin (Davis 1953) , as animals are not constrained by the study area boundaries.
Data on bottlenose dolphin home ranges have been based on study areas varying from 100 to 12,000 km 2 , resulting in home range estimates ranging from 20 to 343.89 km 2 , and the percent coverage (home range/study areaÂ 100) ranging from 1.08% to 104% (Shane 1987; Connor et al. 2000; Gubbins 2002; Ingram and Rogan 2002; Lynn and Wursig 2002; Candido and Dos Santos 2005; Hanby 2005; Litz et al. 2007; Martinez-Serrano et al. 2011; Kiszka et al. 2012; Sprogis et al. 2015) . In terms of linear distances, estuarine bottlenose dolphins have been reported to have maximum linear distances (MLDs) traveled along shoreline ranging from 12 to 105 km (Balmer et al. 2008) . Thus, there is great variability in home range estimates currently available for bottlenose dolphins, which could be because funding and time often constrain the area a single research team can cover. Extending the boundaries of individual study areas into adjacent waterways, thereby covering more of an animal's range, would enable better conservation and management of this species through improved knowledge of their movements (Ingram and Rogan 2002) . While previous research suggests that the size of the study area affects the estimate of home range, this study directly tested for a change in estimated home range size with increased study area. The Northeast Florida Dolphin Research Consortium (NEFL DRC), a collaboration among 8 research organizations with adjacent estuarine study areas, provides a unique opportunity to assess the impact of study area size on home range and core area estimates. Within the area covered by the consortium, there are currently two recognized estuarine stocks of bottlenose dolphins: the Jacksonville Estuarine System stock and the Indian River Lagoon Estuarine System stock (Waring et al. 2016 ). These two stocks are currently managed separately as rates of interchange are thought to be low. This research compares the home range and core area estimates from a 40-km linear study area within the St Johns River (SJR; Jacksonville, FL, USA) with the home range and core area estimates obtained by sequentially adding adjacent study areas, and ultimately including the consortium's combined 253 km study area. Our primary aim is to determine the minimum study area size necessary to obtain valid ranging estimates for estuarine bottlenose dolphins.
Materials and Methods

Study area
The SJR served as the primary study area for this project. It spans nearly 500 km through Northeast Florida (DeMort 1991) and is a large brackish river with extensive boat traffic and shipping activity. The SJR intersects the Intracoastal Waterway (ICW; an inland waterway that runs north to south paralleling the coast) 8 km from the mouth of the river. Approximately 170 km to the south, the ICW converges with the Indian River Lagoon system. The individual study areas for these analyses consist of the SJR (40 km), the ICW south through Duval county (DUV; 55 km), the ICW south through St John's county (SJC; 36 km), the ICW south through Flagler county (FL; 31 km), the ICW south to New Smyrna Beach (NSB; 48 km), and finally, south through the Mosquito Lagoon of the Indian River Lagoon Estuarine System (ML; 43 km) ( Table 1 and Figure 1 ).
Data collection
NEFL DRC was established in 2011 to coordinate research efforts in response to a bottlenose dolphin Unusual Mortality Event in the SJR. The initial goal of the consortium was to systematically survey bottlenose dolphins in Northeast Florida's estuarine waters to determine abundance and rates of interchange between regions. During seasonal (winter/summer) coordinated surveys, each organization was responsible for surveying one section of the 253 km study area.
Each survey was conducted along a fixed survey route by a team of at least 3 personnel consisting of a boat driver, photographer, and data recorder. The vessel was operated at a speed of 10-12 km/h until dolphins were spotted, at which point the vessel was slowed to match the speed of the dolphins or stopped completely. Using a professional grade digital camera equipped with a 100-400 mm telephoto zoom lens, photographs were taken of the dorsal fins of each individual and the sighting location was recorded with a hand-held global positioning system (GPS). For each sighting, the minimum, maximum, and best field estimates were recorded for group size as well as the number of calves and young of the year.
Surveys were conducted from March 2011 to May 2012, but the frequency of surveys differed for each study area (Table 1 ). The SJR was surveyed on a weekly basis, with approximately 4 surveys a month. In DUV, SJC, and FL, surveys were conducted opportunistically, with a maximum of 4 surveys per season in DUV and 3 in SJC and FL. NSB was surveyed approximately twice monthly and in ML there were approximately 3 surveys every summer and every winter. An additional 12 coordinated consortium surveys were included from April 2012 to February 2014 for all areas except SJC and FL. Due to the variation in survey frequencies, analyses of home range were weighted based on effort in each area (see below for details).
Photo analysis
Individual dolphins were identified using standard photoidentification practices (Mazzoil et al. 2004 ). The best photograph of each individual from each sighting was selected and graded for quality. Quality was defined by focus, contrast, proportion of fin visible, proportion of frame filled by fin, and angle (Urian et al. 1999) . Each photograph received a score of Q-1 (excellent quality), Q-2 (average quality), or Q-3 (poor quality). Only Q-1 and Q-2 photographs were included in analyses. All individuals then received a distinctiveness score of D-1 (very distinctive), D-2 (average distinctiveness), or D-3 (not distinctive) (Urian et al. 1999 ). Only individuals ranked as D-1 or D-2 were included in analyses. The photographs were then compared with the master catalog for the relevant study area and the sighting history for each individual was updated. If no match was found, the dolphin was entered as a new individual and given a new identification code. Photographs from the SJR catalog, excluding calves, were then matched against photographs provided by the other consortium organizations from the coordinated surveys. For matched individuals, all available sighting information from March 2011 to February 2014 was obtained, including data collected by member organizations during nonconsortium surveys. These data were consolidated to create a detailed sighting history for each animal. Individuals were classified into three sex categories: female (F), male (M), and unknown (UNK). Females were individuals sighted with a calf in infant position on at least 2 sightings. Individuals were categorized as males if they had been genetically sampled. Lastly, individuals that did not fall into either of those two categorizes were considered unknown sex.
Range calculations
First, individuals from the SJR catalog were selected (n ¼ 288); 148 ranked as D-1, 113 as D-2, and 27 as D-3. D-3 animals were excluded from further analyses. Only individuals sighted 10 or more times, not including same day resights, were included in the analysis (n ¼ 100; 39 F, 11 M, and 50 UNK). These data were used solely for home range analyses for the SJR individuals; because this data set included a large proportion of the SJR catalog, this analysis enabled a more accurate assessment of variation among individuals within the SJR study area.
For the remaining analyses, the data set was restricted to individuals from the SJR catalog that were also sighted outside of the SJR study area during collaborative consortium surveys (n ¼ 27); 18 ranked as D-1, 9 as D-2, and none were ranked as D-3. It is important to note that the number of individuals sighted outside of the SJR is a conservative number as the entire catalog of each organization was not compared (i.e., the initial round of matching utilized data collected during consortium surveys only); thus, these data do not reflect the true rates of interchange between these regions. Of the selected individuals, only dolphins that were sighted 10 or more times were included in the analyses (n ¼ 20; 7 F, 1 M, and 12 UNK). The mean sighting duration, time span between first and last sightings, of these individuals was 2.33 years (min: 1.61 years, max: 2.91 years).
Sighting histories of individuals with GPS location data were plotted in ArcGIS 10.1 (ESRI; Redlands, CA, USA). A midline was mapped throughout the entire geographic area covered, and the GPS locations were transformed onto the line using the "locate features along routes" function. The furthest upriver location that was surveyed in the SJR was defined as location zero. Distances from location zero were then computed for each of the sighting locations on the line, resulting in a univariate data set. Due to the fact that the end of the SJR does not lead into the next study area, but instead ends at the ocean, the midline through the SJR was truncated at the intersection with the ICW and continues south to the DUV study area (Figure 2 ). The intersection lies approximately 8 km west of the mouth of the river. Therefore, sightings east of the intersection were condensed onto the nearest point of the shortened midline. The decision was made to place location zero on the west side of the ICW intersection rather than at the mouth of the river because 80% of sightings in the SJR were located on the west side. Therefore, more sightings would have been condensed if location zero was set to the east side of the intersection. In order to assess the potential effects of this truncation; home range analyses were conducted for the SJR study area using both the shortened midline and a midline extending the full length of the study area; differences between the two estimates were then calculated.
Maximum linear distance
The MLD was calculated to determine the distance between the two most extreme sightings of each individual, without crossing land. Using the univariate data set produced in ArcGIS, MLDs were first calculated for individuals sighted 10 or more times in the SJR study area. The consortium data were then added following a sequential order from the SJR study area south; DUV, SJC, FL, NSB, and ML. When the number of sightings for each individual reached 10 or above, the MLD was computed using the combined sighting location data.
Home range analyses
Due to the high variability in home range estimates, a number of studies have been conducted that compare the precision and accuracy of the various home range estimators. The kernel density estimator (KDE) is considered the most robust (Hansteen et al. 1997) , accurate, efficient (Borger et al. 2006) , and beneficial test for home range analyses (Bowman and Azzalini 1997) . Typically, home range studies have utilized bivariate data to estimate space use, not accounting for any barriers to the animal's movements (Vokoun 2003) until after the polygons of space use are computed, at which point the unusable area is often removed (e.g., Fury and Harrison 2008; Gibson et al. 2013) . However, the removal of uninhabitable area (i.e., land) from bivariate home range kernels is problematic because the proportion removed is not uniform across individuals. As an alternative, the use of univariate data for home range analyses is beneficial when studying a population that inhabits a narrow, aquatic environment. Spatial density calculation (Hanby 2005 ) is another potential method of limiting analyses to space that can be utilized by the animal, but in a narrow habitat, utilizing a second dimension in space is not necessarily more informative. Thus, the KDE was used in conjunction with univariate data as it allows for a more accurate analysis of home ranges (Moyer et al. 2007 ) in a linear estuarine environment. This method of analyzing univariate data with KDE has also been used to calculate alongshore home ranges of Hector's dolphins (Cephalorhynchus hectori; Rayment et al. 2009 ). Home ranges were first calculated for individuals sighted 10 or more times within the SJR study area. Then data from each additional study area were added following a sequential order. Once the number of sightings for each individual reached 10 or above, the home range was calculated using the combined sighting location data. Each sighting was weighted based on the survey effort in each study area (Equations 1 and 2 ; Rayment et al. 2009 ). Each study area was assigned a weight, Wi, which was calculated using Formula 1 where Ai is the area of each section that was surveyed, Vi the number of times that section was surveyed during the chosen time period, and T the number of sections surveyed.
Each sighting then received a scaled weight, W S i , which was calculated using Formula 2 where N is the total number of sightings for each individual.
The univariate data for each individual was input into program SAS (version 9.2; SAS Institute, Cary, NC, USA) and the function PROC KDE was used to compute the fixed 95% and 50% utilization KDE by incorporating the weights into the program. Three different computational methods for automatically selecting bandwidth were used: simple normal reference (SNR), Silverman's rule of thumb (SROT), and the Sheather-Jones plug-in (SJPI). The resulting kernel density graphs were then compared. With an increase in sightings, the pattern between bandwidth smoothing methods became apparent (Figure 3) . SROT undersmoothed the data and showed more of a bimodal distribution for many of the individuals. SNR and SJPI produced very similar graphs; however, SJPI oversmoothed and therefore obscured the underlying structure. SNR appeared to moderately smooth the data and was therefore used for all analyses. The home ranges for all individuals were first estimated utilizing only SJR data, then the adjacent study area's data were added to SJR's and the new home range was estimated. This continued progressively, north to south until all study areas were included.
Results
Sightings
Twenty-seven distinctive individuals were sighted within and beyond the SJR study area, with an average of 8.44 sightings within the SJR (Table 2) . One dolphin was sighted in 6 study areas, 2 dolphins were sighted in 5 study areas, 6 were sighted in 4 study areas, 8 were sighted in 3 study areas, and 10 were sighted in 2 study areas. However, these were not necessarily adjacent study areas. Of the individuals sighted in only two study areas, 50% of them were seen in SJR and ML, the two furthest locations in this study (Table 2) .
Maximum linear distance
When solely looking at the 40 km SJR study area, the distance between individuals' two most extreme points ranged from 15.97 to 28.43 km. When increasing the study area size to 95 km, individuals' MLD ranged from 11.48 to 84.46 km; for the 131 km study area MLD was 80.05-109.31 km; for the 162 km study area MLD was 112.20 km; for the 210 km study area MLD was 171.66-190.31 km; and for the 253 km study area MLD was 170.05-215.96 km (Table 3) . Of the 13 individuals sighted in the furthest study area (ML), only 3 had a MLD above 200 km. The smallest MLD was 11.48 km, which was for an individual sighted in the adjacent SJR and DUV study areas.
Home range estimates
The dolphins within the SJR-only data set had 95% kernel estimates that ranged from 14.14 to 44.44 km and 50% kernel estimates that ranged from 2.52 to 28.28 km ( Figure 4 ). There were insufficient data to draw conclusions regarding sex differences for individuals sighted outside the SJR. However, based on this preliminary SJR-only dataset, there appears to be no sex difference (Mann-Whitney test, 95% KDE U ¼ 163.5, P ¼ 0.23; 50% KDE U ¼ 178.5, P ¼ 0.40); although the number of unknown sex individuals is still high. Similar to the MLDs, of the 13 individuals sighted in the furthest study area (ML), only 2 individuals had home ranges that were greater than 200 km. The 50% kernel estimates ranged from 4.38 to 19.4 km for the 40 km study area; 2.81 to 19.4 km for the 95 km study area; 8.76 to 65.71 km for the 131 km study area; 10 km for the 162 km study area; 10.00 to 50.92 km for the 210 km study area; and 8.76 to 70.09 km for the 253 km study area (Table 5 and Figure 5 ).
The comparison of the SJR home range estimates calculated using the truncated and non-truncated midline indicated little difference between the two (Table 6 ). The 95% kernel density estimates (KDEs) from the full SJR midline ranged from 22.84 to 37.55 km, while for the truncated SJR midline the estimates ranged from 20.65 to 35.04 km. The 50% KDEs from the full midline ranged from 5.32 to 17.21 km, and from the truncated midline they ranged from 4.38 to 19.4 km.
Discussion
Maximum linear distance
As expected, the MLD increased as additional sightings from further study areas were added (Table 3) . When the full 253 km study area was used, the average MLD (190 km) was higher than previously reported distances for estuarine dolphins (12-105 km; Balmer et al. 2008 ) and was much higher than mean linear distances reported for bottlenose dolphins in the Indian River Lagoon (22-54 km; Mazzoil et al. 2008) . The largest MLD (215.96 km) was less than the 253 km combined study area, suggesting that our data may capture the true limits of these dolphins' range (Table 3 ). In support of this, the data indicate that there may be a plateau in MLD with the inclusion of the last 2 study areas. These findings also demonstrate that these dolphins are not limited to one small estuarine area; some individuals traveled large distances across multiple study areas. However, one disadvantage of MLD analyses is that they do not incorporate weighting to account for differences in survey effort; they simply compute the distance from the 2 most extreme points. Although MLD provides valuable information on the full extent of the area traveled by an individual, it provides no information on space utilization.
Home range
Although the analyses conducted herein were for a subset of Northeast Florida's estuarine dolphins, there was a clear pattern of increasing home range estimates as study area size increased ( Figure  4 ). This is an indication that an analysis consisting of the 40 km SJR study area alone would not have properly estimated home range for these individuals given that the minimum home range was estimated at 116.40 km when all sites were included (Table 5) . By combining all 253 km of study area, it appears that sufficient area has been Notes: Blank indicates a value of 0 and bold signifies !10 total sightings. Sex was categorized as female (F), male (M), and unknown sex (UNK).
covered since the largest home range was estimated at 217 km (Table 5) ; based on these values the percent coverage would be 86%. Home range size appears to reach an asymptote when all study areas are incorporated; the difference between home range estimates decreases as study area size increases (Figure 4 ). This pattern further supports the finding that the entire geographical range of these individuals has been reached. The findings from this study design are evidence that restricting analyses to a small study area may not give valid information regarding the range an animal actually covers, as many of the individuals within this study inhabited more than one research group's study area. As this is one of only a few studies that have used the univariate kernel density method to date, and to our knowledge the only study for bottlenose dolphins, it is not yet possible to make direct comparisons between the estimates for this study region and other areas. In contrast to the pattern observed with home range estimates, an increase in study area size did not correspond to an increase in core area size ( Figure 5 ). There was no clear pattern between the estimated core areas and the size of the study areas, suggesting that even with a small study area, researchers may be able to accurately assess core area size. Although individuals travel large distances, they appear to concentrate their time in relatively small areas. Individuals may be able to utilize a relatively small area to meet their general resource needs, but movement to more distant areas may be required during certain circumstances (e.g., in response to reproductive status, unusual weather patterns, or anthropogenic disturbance events). A detailed analysis of habitat use within these expanded ranges would be highly informative. Finally, even though the analyses precluded the inclusion of a midline all the way to the mouth of the SJR, the data show that there is minimal difference in home range and core area estimates between the two methods (Table 6 ). Thus, both the MLD and KDE estimates calculated using the truncated midline are considered to have acceptable precision.
Individual variation in ranging patterns among animals in this study was very high. For example, there were individuals that were only sighted in the SJR and ML study areas as well as individuals that used the areas in-between. The patterns suggest that individuals may be traveling from the SJR to the southern study areas using different paths; some individuals appear to be using the ICW while others may not. The fact that individuals are not sighted in areas between the SJR and ML may indicate that these individuals are utilizing coastal areas rather than the ICW to move between regions. However, this gap of sightings between study areas may simply be due to random chance that those individuals were not in those areas on any of the survey days. Also, if those individuals are traveling through the intermediate areas quickly, they are more likely to be missed with infrequent surveys being conducted in those regions. These gaps in space affect the home range analyses in regards to Figure 4 . Mean 95% KDEs with increasing study area size for dolphins sighted !10 times. Error bars display the 95% confidence interval. Figure 5 . Mean 50% KDEs with increasing study area size for dolphins sighted !10 times. Error bars display the 95% confidence interval.
how the utilization distributions are calculated, so it is important to discern whether the individuals are using these areas or not. Within the Northeast Florida region, 2 large estuarine areas have been documented providing year-round habitat for dolphins (Waring et al. 2016) ; this factor could potentially be driving the movement between the SJR and ML study areas. However, not all SJR dolphins are traveling the full distance between these estuaries.
When conducting home range studies, care must be taken beforehand to choose the appropriate method for analyses based on biological knowledge of each population and habitat. The univariate method used in this study improves upon prior studies by producing more usable information regarding the space traveled by individuals since it does not incorporate unusable area into KDEs. Many studies conduct bivariate home range analyses and remove the unusable area after the estimates are produced. This method biases the estimates compared with univariate analyses. Estuarine environments tend to be linear and narrow, so this method of analyzing home range may be useful for researchers working in similar environments. Additionally, for studies in which the number of sightings per individual are limited, it is beneficial to use univariate data since univariate estimates require fewer sightings when compared with bivariate estimates (Vokoun 2003) .
Management
In addition to addressing the fundamental research question of the effects of study area size on home range estimates, there are clear management applications for this research. A population's distribution is a key factor when making conservation management decisions, as it determines what areas need to be protected and to what extent. For example, the effectiveness of marine protected areas is likely limited by the quality of the distribution estimates used during their creation. In addition, knowledge of a population's home range Notes: The 50% kernel density estimation shown in parenthesis. Sex was categorized as female (F), male (M), and unknown sex (UNK). Notes: 'Not truncated' refers to the midline that extended all the way to the mouth of the SJR while 'truncated' refers to the midline that did not extend the full length of the SJR study area, but instead turned south to continue on to the intracoastal waterway (ICW) south through Duval County (DUV) study area.
and core area can provide pertinent information regarding environmental pollutants and hazards when monitoring population health (Mazzoil et al. 2008) . Bottlenose dolphin populations in the United States are managed separately as individual stocks and therefore the range of each distinct population must be known. The National Oceanic and Atmospheric Administration currently considers the dolphins in the Jacksonville Estuarine System and the Indian River Lagoon Estuarine System to be 2 separate populations in their management plans (Waring et al. 2016) . As displayed by the large MLDs and home range estimates reported here, individuals are not confined to the area currently defined as the Jacksonville Estuarine System. Thus, individuals from these different populations may not be geographically isolated from one another. If significant mixing occurs between these 2 populations, then management plans may need to be revised. NEFL DRC is currently analyzing rates of interchange between the Jacksonville Estuarine System and the Indian River Lagoon Estuarine System, in an effort to address this issue. In conclusion, this study demonstrates the need to expand survey areas in order to obtain more accurate home range estimates and thus illustrates the importance of conducting collaborative science.
